STUDY DESIGN AND METHODS:
Eight bacteria associated with PLT contamination, cited by the ISBT on transfusion-transmitted infectious diseases, were spiked into PLTs for a final concentration of approximately 100 CFU/bag (n 5 5 for each strain). The PLTs were then agitated for 24 hours. One milliliter of PLTs was incubated in a shaker incubator for 8 hours at 378C with 1 mL of trypticase soy broth (TSB). The spectra were analyzed using the MALDI Biotyper software. As a control, 8 mL of PLTs incubated into BACTEC bottles and a positive bottle were subcultured to ensure identification of bacterial growth.
RESULTS:
Regardless of the strain of PLTs tested, MALDI-TOF analysis made detection and early identification possible at 8 hours. Analysis by BACTEC of PLTs infected with Escherichia coli, Bacillus cereus, and Providencia stuartii made early identification possible. For the remaining bacteria, the detection time by BACTEC was significantly longer than 8 hours.
CONCLUSION:
We demonstrated the possibility of detecting bacteria in PLTs using a standardized culture step in TSB with MALDI-TOF, regardless of the strain, with the same specificity and analytical sensitivity and with a time to results of 12 hours. This direct method presented rapid and reliable results.
T ransfusion-transmitted bacterial infection (TTBI)
of platelet (PLT) concentrates is considered to be associated with significant morbidity and continues to be a problem around the world. 1 Although different strategies have been implemented to reduce this risk, reports of TTBI continue to emerge. PLT component and is reported for a bacterial load of more than 10 5 colony-forming units (CFU)/mL in PLT concentrates at the time of transfusion. 3 Donor skin flora, donor asymptomatic bacteria, and contamination during product processing are sources of bacterial contamination. 4 According to Montag, 5 initial contamination levels are 10 to 100 CFU per PLT unit (0.03-0.3 CFU/mL). However, storing PLTs at between 20 and 248C, with agitation, favors bacterial growth. Nevertheless, bacterial growth kinetics vary considerably, making detection difficult, particularly if the bacteria are in a lag phase. These factors often result in the presence of very low bacterial concentrations shortly after collection, requiring the use of highly sensitive screening methods. 6 Various detection methods based on culture systems or nucleic acid amplification methods, fluorescence-activated cell sorting, or immunologic detection methods (such as the Pan Genera Detection system), are available. [7] [8] [9] Three automated culture methods have been validated for PLT quality control and are implemented in most European and North American countries: the BacT/ ALERT system (bioM erieux), the BACTEC (BD Diagnostics), and the VersaTrek system (Trek Diagnostics). 10 The cultivation method with early sampling, applying the "negative-to-date" concept of PLT release, has been implemented in several transfusion facilities.
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While the BacT/ALERT system is the most widely used, 4 comparable performance between BACTEC and
BacT/ALERT has been described. The BACTEC system has demonstrated detection of 10 to 50 CFU per culture vial.
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Other authors have shown that the system can detect 1 to 10 CFU/mL. 13, 14 However, several false-negative test results have been reported in the Netherlands 15 and in the United States, 16 and various studies have confirmed this problem. 14, 17 In recent years, matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry (MS) has become a powerful and rapid tool for identifying cultured bacterial isolates. 18 This method has been extended to the identification of bacteria directly from positive culture broths, with some success. [19] [20] [21] [22] Using MALDI-TOF directly on positive cultures has significantly reduced the mean time to identification. 23 The aim of this study was to evaluate the performance of MALDI-TOF for the direct identification of pathogens at 8 hours of incubation time. This approach offers major advantages, such as a small volume of PLTs (only 1 mL); cost-effectiveness; and a rapid, standardized result, whatever the strain.
MATERIALS AND METHODS

Microorganism strains
According to the recommendations of the ISBT working party on transfusion-transmitted infectious diseases, 24 eight species from the CSUR (Collection de Souches de l'Unit e des Rickettsies) collection were tested: Staphylococcus epidermidis (CSUR P2203), Streptococcus pyogenes (CSUR P576), Klebsiella pneumoniae (CSUR P2205), Escherichia coli (CSUR P2202), Staphylococcus aureus (CSUR P2188), Providencia stuartii (CSUR P2204), Pseudomonas aeruginosa (CSUR P2201), and Bacillus cereus (CSUR 329). The bacteria reference strains were stored before use at -808C.
Bacterial suspensions were obtained from cultures placed overnight on 5% sheep blood agar plates (bio-M erieux). The number of CFUs was divided by the product of the dilution factor. Serial dilutions of these suspensions yielded concentrations from which small aliquots were inoculated.
Preparation of PLTs
The PLTs were provided by the French national blood bank and were obtained after standard processing of whole blood units from healthy, volunteer blood donors. The protocol was approved by the ethics committee of IHU M editerran ee Infection (Reference 2016-002). Whole blood units (467 6 7mL) were collected on Day 0 with a quintuple bag (DGR7542, Fenwal) and stored overnight at 21 6 38C. On Day 1, the whole blood was centrifuged at 5.312 3 g (acceleration 9, break 5) using a centrifuge (Cryofuge 6000, Heraeus). The centrifuged products were then separated on automatic presses (Compomat G4, NPBI Fresenius), with top-and-bottom separation. Five ABO isogroup buffy coats and 280 mL PLT additive solutions (InterSol, Fenwal) were pooled using the integrated pooling system in the kit. Pools were then placed in the automatic device, which processes six buffy coat pools at the same time. Each cycle allows simultaneous centrifugation, separation, and leukoreduction of products within 12 minutes. The mean PLT content under routine conditions for TACSI LR-BCPC is 4.5 6 0. 4 10, 11 with a mean volume of 333 6 11 mL. After preparation, PLTs were stored between 20 and 248C, with agitation.
In vitro contamination of PLT units
Before contamination, the baseline sterility of 40 bags of PLTs was confirmed by microbiologic controls in accordance with the standard operating procedure used in our laboratory. In addition, 8 mL of sample was inoculated in both aerobic and anaerobic (BacT/ALERT SN; bio-M erieux) culture bottles and incubated for up to 7 days. For inoculation of 40 bags of PLTs, the eight bacterial reference species solution was serially diluted in sterile water to reach a final concentration of approximately 100 CFU/mL. The inoculate concentrations were quantified in duplicate by direct plating of 1 mL onto Colombia blood agar plates, incubating them at 378C and enumerating after 24 hours, and were then identified according to our procedure using mass spectrometric methods (i.e., MALDI-TOF MS, Bruker Daltonics).
One milliliter of inoculum of each bacterial suspension strain was spiked into each bag with a sterile syringe to obtain a final concentration of approximately 0.3 CFU/ mL. After contamination, the 40 bags of PLTs were stored under standard blood bank storage conditions for 24 hours with agitation at 50 turn/min in PLT incubator bags at ambient temperature, according to US Food and Drug Administration recommendations. 2 
Bacterial detection methods
The flow chart for the study is given in Fig. 1 .
MALDI-TOF procedure
After agitation for 24 hours in a temperature-controlled environment of 22 6 28C, 1 mL from each of the 40 spiked bags of PLTs was placed in a 2-mL Eppendorf sterile tube with 1 mL of trypticase soy broth (TSB) and incubated in a shaker incubator at approximately 50 turn/min at 378C for 8 hours. Before beginning protein extraction, samples were also taken for determination of bacterial concentration. Briefly, 10-fold dilutions were prepared in TSB, and 0.1-mL samples from each dilution were plated in duplicate onto blood agar plates. Culture plates were incubated at 378C for 24 hours followed by colony counting. The positive PLT sample was then added to 300 mL of saponin solution (Sigma-Aldrich) with 700 mL of water. The lysate was then thoroughly mixed. The tube was centrifuged at 16.2 3 g for 5 minutes and the supernatant was discarded. The pellet was further washed with 1 mL of distilled water and the supernatant was discarded after centrifugation at 16.2 3 g for 5 minutes. The supernatant was again discarded, and the pellet was air-dried for 10 minutes at room temperature. Subsequently, the supernatant was carefully removed by pipetting and was resuspended with 30 mL of formic acid. An equal volume of acetonitrile was then added, followed by centrifugation at 16.2 3 g for 5 minutes. The supernatant (1 mL) was then spotted onto target slides for MALDI-TOF analysis. One milliliter of 40 other unseeded bags of PLTs followed the same steps previously described.
Spectral analysis and MALDI-TOF MS identification
The average spectral profiles obtained were analyzed and compared using a computer program (Flex Analysis, Bruker Daltonics). Identification scores were assigned using the following scoring variables: a score of 1.9 or more indicated species identification, a score of 1.7 to 1.9 indicated genus identification, and a score of less than 1.7 indicated no identification. Samples were considered to be correctly identified by MALDI-TOF when two spectra had a score of 1.9 or more.
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Reproducibility of MALDI-TOF MS identification
To assess the reproducibility of MALDI-TOF MS identification, every strain (n 5 8) studied was tested five times (five different bags). For every condition, 30 different spots were loaded on the MALDI-TOF plate, giving a total of 1200 MALDI-TOF MS protein profiles derived from each strain. For the negative control, for each of 40 unseeded bags of PLTs, 30 different spots were loaded on the MALDI-TOF plate, giving a total of 1200 MALDI-TOF MS protein profiles.
BACTEC 9240 system analysis and bacterial identification
Twenty-four hours postinoculation, quantitative cultures were similarly performed by placing 0.1 mL of PLTs onto 5% sheep blood agar plates and incubated at 378C for 24 hours. All cultures were performed in duplicate and the counts were averaged. At the same time, an aliquot of 8 mL of spiked PLTs was inoculated with culture medium in an aerobic BACTEC bottle. The culture bottles were incubated in the BACTEC 9240 culture system at 378C for 5 days (three replicates/bag). The signals were recorded continuously to detect any potential changes in response to increasing CO 2 production by bacteria. The positive broth sample was subcultured on agar medium and incubated at 378C for 24 hours. Resultant microorganisms were identified by conventional microbiologic methods using MALDI-TOF MS (Bruker Daltonics). 18 
Statistical analysis
Statistical analysis was performed using computer software (GraphPad Prism 6, GraphPad, Inc.). Descriptive statistics were expressed as mean 6 SD. An analysis of variance was used for intergroup comparisons of the MALDI-TOF data.
Sensitivity and specificity were calculated. "Sensitivity" is the probability that the diagnostic instrument indicates a positive result for individuals with disease (here, positive samples), and "specificity" is the probability of a negative result of the instrument for those patients without the disease.
Comparison of growth rates among bottles was performed for all tested bacteria using McNemar's test for the BACTEC system. The results were evaluated within the 95% confidence interval and a p value of less than 0.005 was accepted as significant.
RESULTS
Detection and identification of bacterial contamination of PLTs by MALDI-TOF
The final concentrations of the bacterial inoculum as determined by quantitative culture are summarized in Table 1 . The range is between 97 and 108 CFU/mL.
The analysis of spectral profiles of spiked PLTs was performed after 24 hours of agitation of the PLTs and 8 hours of incubation in TSB (Fig. 1) . As shown in Fig. 2 , specific profiles for each strain tested were observed. The mean score for the negative control PLTs obtained with MALDI Biotyper software was 1.13 6 0.14, and never exceeded 1.7 (Fig. 3) .
For the eight bacterial strains, the MALDI Biotyper score was always significantly higher than negative controls (p < 0.005, 30 replicates for each strain and for each bag). The strains tested were correctly identified by MALDI Biotyper at the species level. Indeed, matching scores were all between 1.9 and 2.42 (Fig. 3) .
These results showed that for bacterial concentrations in PLTs, MALDI-TOF MS can detect bacterial contamination after only 8 hours of incubation in TSB, after 2 hours of protein extraction, and less than 2 hours of detection by MALDI-TOF for 48 samples whatever the strain. Also, correct identification of the microorganisms was systematically performed with this approach in a fixed time scale of 36 hours (Fig. 1) . The specificity of our MALDI-TOF method was 100% ( Table 1) . Table 2 shows the mean values for length of time to detection obtained for each strain, after 24 hours of agitation with a sampling volume of 8 mL. P. aeruginosa (CSUR P2201), S. epidermidis (CSUR P2203), K. pneumoniae (CSUR P2205), and S. pyogenes (CSUR P576) have a longer growing time, with mean detection times, respectively, of 8 hours 56 6 0.003 minutes, 9 hours 41 6 0.09 minutes, 10 hours 29 6 0.02 minutes, and 15 hours 2 6 0.02 minutes (p < 0.005, n 5 5 bags for each strain). Only B. cereus, E. coli, and P. stuartii, which grew rapidly, were detected early, respectively, at 3 hours 41 6 0.07 minutes, 4 hours 25 6 0.03 minutes, and 6 hours 38 6 0.04 minutes. However, a period of 24 hours after the time to detection is necessary to correctly identify the strain by MALDI-TOF. In this case, depending on the strain, 46 or 56 hours were necessary for final identification (Fig. 1) .
Detection of bacterial contamination of PLTs by BACTEC
During this study, no false-negative cases were found, regardless of the method used. On the same days as sampling for BACTEC cultures was performed, titration experiments were performed after 24 hours of agitation and after 8 hours of incubation with TSB. Results of this experiment are shown in Table 2 .
DISCUSSION
In this study, we evaluated the performance of a new strategy: combining a short culture step and MALDI-TOF analysis to detect bacterial contamination of PLTs, with bacteria at approximately 100 CFU/bag to mimic real-life conditions. We demonstrated that MALDI-TOF methods, combined with the analysis of protein spectra, enabled detection of all the strains tested within a systematically short time period of 8 hours, using only 1 mL of PLTs sampled for a lower bacterial concentration (approx. 100 CFU/bag or 0.3 CFU/mL).
In the past few years, MALDI-TOF MS has increasingly been introduced into diagnostic microbiology laboratories for rapid bacterial species identification when sampled directly from bacterial colonies and has allowed bacterial identification directly from positive bottle cultures. To our knowledge, MALDI-TOF MS has never been used to detect bacterial contamination of PLT units. The major advantage of this method compared to currently available techniques is that it combines a standardized time scale for results of sufficient sensitivity.
Under our analysis conditions (approx. 100 CFU/bag or 0.3 CFU/mL at inoculation), all bacterial contaminations were detected and identified by standard pattern against the MALDI Biotyper database after 8 hours of incubation and 2 hours of protein extraction. The identification of Gram-negative and Gram-positive bacteria using the direct MALDI-TOF method can be used efficiently to identify bacteria in a positive sample of PLTs. The BACTEC method, which is considered as a reference method, presents a similar sensitivity, 14 although several falsenegative and false-positive test results have been described. 25, 26 In our model, we chose to use 100 CFU at inoculation. This dose of inoculant, given the few studies that have been carried out, is estimated to have a bacterial load on the day of collection (D0) of between 1 and 65 CFU/bag. 27, 28 This concentration is much lower in the beginning and increases until it reaches the threshold of 10 5 CFU/mL, considered by health authorities as the threshold representing a vital risk for the patient. 29, 30 In addition, only 1 mL of PLTs was used for the MALDI-TOF analysis to preserve the majority of PLTs for transfusion. To increase the limit of detection of our method, an incubation step at 378C, with stirring, in the presence of TSB was added. This protocol detected all bacteria within 8 hours, for a final bacterial concentration of approximately 100 CFU/bag (0.3 CFU/mL), with the same sensitivity and specificity as BACTEC.
In contrast, 8 mL of PLTs was used for BACTEC analysis, in accordance with the CLSI (Clinical and Laboratory Standards Institute) guidelines, because the number of microorganisms present in PLTs may be relatively small. 31 Also, the inoculum volume strongly affects culture sensitivity and incubation time requirements. Moreover, our results were obtained over short periods, within 24 hours of bag preparation. Wagner and Robinette, 32 in their evaluation of the BacT/ALERT system, concluded that sampling times of 24 hours after preparation would be necessary to have confidence in detecting bacteria in PLTs. Analysis of the time to results clearly demonstrated a reduction in the turnaround time for identification when performing direct identification with the MALDI-TOF extraction method compared to the conventional method using BACTEC. Indeed, the BACTEC method requires subculturing a positive culture onto solid medium before identification by MALDI-TOF.
Also, our method of combining a short incubation in liquid medium and analysis by MALDI-TOF allowed all strains tested to be identified within a shorter time. In practice, time to identification of bacterial contamination may naturally have a major impact on the prevention and outcomes of TTBI.
Our method met our objectives. In addition to the sensitivity and specificity criteria, it satisfied the early detection criteria.
Among the limitations of our study are the relatively small numbers of PLT units, because this is a muchrequested product. Therefore, the feasibility of the MALDI-TOF MS test should be demonstrated in a routine clinical setting. Other studies should be carried out to evaluate whether the technique performs as well with apheresis PLTs and PLTs, the conservation solution of which is 100% plasma.
For the routine test procedure, after collecting samples between 24 and 36 hours after blood donation, inoculation with the TSB medium for 8 hours is carried out, followed by extraction and identification by MALDI-TOF, for duration of 4 hours, as proposed for BacT/ALERT and BACTEC. The extraction step can even be automated to further reduce the time required to obtain results. In conclusion, MALDI-TOF MS may prove to be a method for rapidly detecting bacteria, compared to BACTEC, for bags with an initial concentration of approximately 100 CFU. Our method, combining a short incubation in a liquid medium and analysis by MALDI-TOF, demonstrated its ability to rapidly detect contaminated PLT units and presented major advantages in combining early results with sufficient sensitivity, regardless of the strain, compared to BACTEC.
